The simian immunodeficiency virus (SIV) macaque model resembles human immunodeficiency virusYacquired immunodeficiency syndrome (AIDS) and associated brain dysfunction. Altered expression of synaptic markers and transmitters in neuro-AIDS has been reported, but limited data exist for the cholinergic system and lipid mediators such as prostaglandins. Here, we analyzed cholinergic basal forebrain neurons with their telencephalic projections and the rate-limiting enzymes for prostaglandin synthesis, cyclooxygenase isotypes 1 and 2 (COX1 and COX2) in the brains of SIV-infected macaques with or without encephalitis and antiretroviral therapy and uninfected controls. Cyclooxygenase isotype 1, but not COX2, was coexpressed with markers of cholinergic phenotype, that is, choline acetyltransferase and vesicular acetylcholine transporter (VAChT), in basal forebrain neurons of monkey, as well as human, brain. Cyclooxygenase isotype 1 was decreased in basal forebrain neurons in macaques with AIDS versus uninfected and asymptomatic SIV-infected macaques. The VAChT-positive fiber density was reduced in frontal, parietal, and hippocampal-entorhinal cortex. Although brain SIV burden and associated COX1-and COX2-positive mononuclear and endothelial inflammatory reactions were mostly reversed in AIDS-diseased macaques that received 6-chloro-2 ¶,3 ¶-dideoxyguanosine treatment, decreased VAChT-positive terminal density and reduced cholinergic COX1 expression were not. Thus, COX1 expression is a feature of primate cholinergic basal forebrain neurons; it may be functionally important and a critical biomarker of cholinergic dysregulation accompanying lentiviral encephalopathy. These results further imply that insufficiently prompt initiation of antiretroviral therapy in lentiviral infection may lead to neurostructurally unremarkable but neurochemically prominent irreversible brain damage.
INTRODUCTION
Human immunodeficiency virus (HIV)Yassociated neurocognitive disorders accompany HIV infection even when it is controlled with chronic antiretroviral therapy (1, 2) . Compromised brain function can occur in HIV and simian immunodeficiency virus (SIV) infection even without overt brain structural damage (3, 4) , suggesting that neurochemical alterations may underlie lentivirus-associated cognitive deficits. Supporting this hypothesis, altered cerebral expression of synaptic markers and neurotransmitters in HIV/SIV disease has been reported (5Y8).
The cholinergic telencephalic system has not been carefully examined in lentiviral encephalopathy. The mammalian cholinergic basal forebrain system is composed of several well-defined cell groups projecting to the cortex and hippocampus (9, 10) , which are involved in cognition and memory (11) . How the cholinergic basal forebrain system regulates cortical and hippocampal function, and is dysregulated in dementing diseases, has been extensively investigated in rodent and primate animal models (12Y15). Altered cholinergic function may result from differential expression of components of the cholinergic gene locus, that is, choline acetyltransferase (ChAT) and vesicular acetylcholine transporter (VAChT) (16Y26). Neurotrophin and transmitter receptors, including those for nerve growth factor (13, 27, 28) and galanin (29) , coexpressed with acetylcholine in these neurons can also modulate cholinergic function, survival, and synaptic strength. Other transmitter substances present in cholinergic neurons and modulating their function may remain to be discovered.
Here, we examined the cholinergic telencephalic projection system in the rhesus macaque primate model of neuroYacquired immunodeficiency syndrome (AIDS). The SIV-infected monkeys exhibit signs of motor and cognitive impairment reminiscent of cognitive dysfunction in humans with HIV infection and associated dementia (3) . We observed that the rate-limiting enzyme for prostaglandin synthesis, cyclooxygenase isotype 1 (COX1), is selectively expressed in cholinergic neurons of monkey basal forebrain complex (BFC).
Cyclooxygenase isotype 1 expression in the somata and the synaptic density of VAChT-positive projections of these neurons in the cortex and hippocampus were decreased in SIV disease. These effects were not reversed in monkeys that had received brain-permeable antiretroviral treatment, which dramatically reduces viral load and productive inflammation in the SIV-infected CNS (30Y32). Our findings have implications for understanding how neuroanatomically silent or subtle perturbations accompanying lentiviral infection and/or chronic inflammation may lead to cognitive impairment through effects on telencephalic cholinergic transmission and cotransmission.
MATERIALS AND METHODS

Virus Stock and Inoculation Procedures
Healthy rhesus macaques, 22 to 23 months of age, which were screened and found to be free of SIV, simian retrovirus type D and B viruses, were used for the study (30) . Experiments were approved by the Animal Care and Use Committee of Bioqual, Inc., a National Institutes of Health (NIH)Yapproved and Association for Assessment and Accreditation of Laboratory Animal CareYaccredited research facility, and were carried out under the ethical guidelines in the NIH Guide for the Care and Use of Laboratory Animals. The macaques were inoculated intravenously with 10 rhesus infectious doses of cell-free human peripheral blood mononuclear cellYgrown SIV strain CB670. After inoculation, the animals were monitored and examined for clinical evidence of disease. Blood and cerebrospinal fluid (CSF) samples were periodically obtained from the animals (30) . At the time of death, 7 macaques exhibited clinical signs of AIDS and 5 did not. Four age-matched noninfected macaques were used as controls.
Antiretroviral Treatment
In addition, 6 SIV-infected macaques that had been treated with 6-chloro-2 ¶,3 ¶-dideoxyguanosine (6-Cl-ddG) subcutaneously when their viral load was greater than 100,000 virions/mL in plasma and greater than 100 virions/mL in CSF in more than 2 consecutive examinations were studied (30) . Only 1 monkey received 6-Cl-ddG (200 mg/kg per day) for 3 weeks; the other 5 monkeys received 10 mg/kg per day of 2 ¶,3 ¶-dideoxyinosine for 3 weeks for clinical stabilization and then 75 mg/kg per day of 6-Cl-ddG for 6 weeks. The vehicle for 2 ¶,3 ¶-dideoxyinosine administration was PBS; for 6-ClddG administration, the vehicle was 70% propylene glycol/ 30% PBS.
Brain Tissue Preparation
At death, anesthetized monkeys were perfused transcardially with PBS and formalin/PBS. Tissue specimens were obtained during necropsy and immersion fixed overnight. Tissue blocks were postfixed in Bouin-Hollande solution and processed for paraffin embedding (30) . Human brain tissue blocks were obtained from individuals without neuropsychiatric disease (Department of Anatomy, Philipps University, Marburg), snap-frozen in j40-C-cooled isopentane or immersion fixed in Bouin-Hollande solution and processed for paraffin embedding.
Single and Double Immunohistochemistry
For immunohistochemistry (IHC), 7-Km-thick brain tissue sections were deparaffinized and cooked in citrate buffer (pH 6.0) at 92-C to 95-C in a pressure cooker for 15 minutes, permeabilized, blocked for nonspecific binding sites, and incubated with primary antibodies. Immunolabeling was performed using biotinylated secondary antibodies from donkey (1:200; Dianova, Hamburg, Germany), standard avidinbiotin-peroxidase technique (1:500; Vectastain Elite ABC kit, Boehringer, Germany), and 3,3 ¶-diaminobenzidine (Sigma, Deisenhofen, Germany) with ammonium nickel sulfate (Fluka, Buchs, Switzerland), resulting in dark blue/black staining, or using fluorochrome-conjugated secondary antibodies (1:200; Dianova), as previously described (30) . For visualization of 2 different antigens in the same tissue section, double immunofluorescence staining was done. Otherwise, immunostaining was carried out on adjacent sections. The primary antibodies used are listed in Table 1 . Recombinant COX1 and COX2 peptides (Santa Cruz Biotechnology, Santa Cruz, CA) were used for preabsorption experiments of antibodies against COX1 and COX2 on monkey and human brain tissue sections (32) . Immunostained sections were analyzed and documented with Olympus AX70 or with Olympus Fluoview confocal laser scanning microscopes (Olympus Optical, Hamburg, Germany).
In Situ Hybridization
In situ hybridization (ISH) was performed on human brain tissue cryosections (14 Km) using [
35 S]-UTP labeled riboprobes complementary to human COX1 (U63846; 912 bp subcloned in pGEM T-easy), human COX2 (M90100; 895 bp subcloned in pBSK+), and human VAChT (U10554; 780 bp subcloned in pcDNAI), as previously described (30) . Radioactive ISH signals were revealed by autoradiography after 2 to 3 weeks of exposure on slides developed in NTB-2 emulsion (Eastman Kodak, NY), fixed, counterstained lightly with hematoxylin and eosin, and analyzed with the Olympus AX70 microscope.
Virus Detection in Tissues and Fluids
The SIV was analyzed by IHC and ISH on brain and lymphoid tissue sections and by ELISA and reverse transcriptionY polymerase chain reaction (RT-PCR) on plasma and CSF samples. Immunohistochemistry was carried out against SIV envelope glycoprotein gp120 (30Y32). In situ hybridization was performed using probes generated by incorporation of [ 35 S] into SIV riboprobes by in vitro transcription of sequences from SIV strain mac239 (AY588945) cloned in a pTRIK AN 19 vector or into DNA probes by random priming using sequences of cloned DNA of SIV strain macBK28 (M19499), as previously described (30, 31) . The DNA templates were a 496-bp-long KpnI fragment from the pol gene of SIV strain mac239 or a 7334-bp-long BamHI fragment from SIV strain macBK28. In some experiments, ISH was performed with 30-bp-long [
35 S]-3 ¶-end-labeled oligonucleotides complementary to proviral sequences at the exon/intron junction at the 5 ¶-end of unspliced RNA from SIV strain smH4 (X14307) (30, 31) . The ISH signals were detected by autoradiography after 3 to 6 days of exposure and development in NTB-2 emulsion. After counterstaining with Cresyl violet, the cells with more silver grains above background (defined as signal with the sense control probes) were counted. Levels of SIV core antigen p26 in plasma were quantitated using of an antigen capture ELISA (Coulter Immunology, Miami, FL). For RT-PCR, RNA was extracted from pelleted SIV obtained by ultracentrifugation of plasma or CSF, reverse transcribed with murine MLV reverse transcriptase, and amplified by PCR using [ 32 P]-end-labeled primer (5 ¶-GGA TGA CAT CTT AAT AGC TAG TGA-3 ¶) and nonlabeled primer (5 ¶-ATT TTG TCT TCT TGG TGA ATT TTA-3 ¶) for the pol gene. Radiolabeled PCR products were subjected to electrophoresis, and the signals on x-ray film were computer-assisted analyzed (Quantity One; PDI, Huntington Station, NY). Serially diluted preparations of an HIV1-LAI viral stock, the particle number per milliliter of which had been determined by electron microscopy, were used to construct a standard curve.
Quantitative Image Analysis
To achieve an unbiased analysis of immunohistochemical staining, the monkey identities of sections were blinded for the investigator. For quantification of the immunostaining intensity of COX1-and VAChT-positive neurons, the relative optical densities (RODs) were determined on COX1-and VAChT-immunostained sections. Sections were analyzed under bright-field conditions using a digital camera (Spot RT Slider; Diagnostic Instruments, Inc., Sterling Heights, MI) and computer-assisted image analysis (ImageJ, NIH, Bethesda, MD). For each monkey, 3 to 7 interval sections per anatomical area were analyzed. At least 50 random neurons with a visible nucleus were examined per anatomical area on a section. The immunostained area of each perikaryon was outlined for ROD integration and corrected by determination of background ROD on nonimmunostained areas of the section. Data were expressed as mean ROD T SD. For quantification of VAChT-positive fiber density, the numbers of pixels were determined on VAChT-immunostained sections. Sections were analyzed under bright-field conditions using a digital camera (Spot RT Slider) and using computer-assisted image analysis (MCID M4 image analysis system; Imaging Research, Inc., St. Catherines, Ontario, Canada). At least 10 randomly chosen planes were analyzed per section. For each monkey, 3 to 5 interval sections per anatomical area were analyzed. Data are expressed as mean pixels T SD. All IHC parameters and procedures relevant for COX1-or VAChTstaining quantifications (e.g. antibody concentrations, reaction and washing times, temperatures, illumination and image analysis settings) were kept constant.
Statistics
Analysis of variance and the post hoc Newman-Keuls multiple comparison test were used to evaluate statistical differences between the groups. A value of p G 0.05 was considered significant.
RESULTS
COX1 but Not COX2 Is Expressed in Cholinergic Neurons of the Basal Forebrain in Rhesus Macaques and Humans
We recently screened several antibodies against COX1 and COX2 for immunohistochemical specificity on rhesus monkey brain tissue sections (32) . Only those antibodies giving staining in neocortical tissue sections, in which neurons are known to express COX1 or COX2 throughout different species (33Y36) and which were preabsorbed exclusively with their cognate immunogen peptides, were assumed to be specific and used for the present study, as previously described (32) . Whereas COX2 was not expressed in nonneuronal cells, COX1 was found in microglia and endothelial cells in normal rhesus monkey brain (32) .
In addition to neocortical neurons, neurons in areas of the so-called BFC, which is composed of the nucleus basalis of Meynert (nbM), the vertical and horizontal limbs of the diagonal band of Broca (vdbB, hdbB), and the medial septum (9, 10), expressed COX1 in the normal rhesus macaque. These COX1-positive neurons were cholinergic, as shown by double IHC or adjacent staining with specific markers of the cholinergic phenotype, ChAT and VAChT (Figs. 1AYJ) . The COX1 was localized in neuronal cell bodies and proximal processes of cholinergic neurons but not in cholinergic fibers and terminals identified by staining for VAChT (Figs. 1GYJ) . No COX2 expression was found in these neurons (Figs. 2AYC) , suggesting that most of the cholinergic neurons of the BFC in rhesus monkey are able to synthesize prostaglandins exclusively through COX1 and not COX2.
Some striatal cholinergic neurons are COX1-positive; cholinergic neurons of the ventral part of the dorsal nucleus of vagus nerve are COX2-positive. Other cholinergic neurons, for example, brain stem nuclei, motoneurons of spinal ventral horn, or preganglionic autonomic neurons of spinal lateral horn, were negative for both COX1 and COX2 (data not shown).
Cyclooxygenase isotype 1 was coimmunolocalized with ChAT and VAChT in cholinergic neurons of the human BFC (Figs. 3AYC) . Expression of COX1 in these cholinergic neurons was also observed by ISH (Figs. 3D, E) . Endothelial and microglial cells additionally expressed COX1 mRNA in the human brain (Figs. 3F, G). Cyclooxygenase 2 protein and mRNA were not detected in human cholinergic BFC neurons.
COX1 Is Downregulated in BFC and Frontal Cortex Neurons in SIV Infection and Is Differentially Affected in 6-Cl-ddGYTreated Monkeys
The nbM and ventrally contiguous hdbB subnuclei of the BFC are known to project their cholinergic fibers to the neocortex (9, 10) . Cyclooxygenase isotype 1 expression was not altered in early stage (SIV,jAIDS) but was reduced in the late stage of SIV infection (SIV,+AIDS) as compared with noninfected control monkeys (Figs. 4AYC) . Infection and clinical status as well as SIV levels in brain, lymphoid organs, plasma, and CSF of each monkey are shown in Table 2 . Cerebral mononuclear and endothelial inflammatory reactions (as identified by IHC for COX1 and COX2, and described previously [32] ) are presented for each monkey in Table 3 . Because stereological counting of COX1-positive neurons could not be performed in the available brain tissue blocks, measurement of ROD of neuronal COX1 immunostaining, representing COX1 protein content of individual neurons, was performed for each monkey. Mean ROD of COX1 immunostaining of cholinergic neurons of the nbM and hdbB in the control group (100.3 T 15.5) was not different compared with SIV,jAIDS (80.9 T 14.6; p 9 0.05), but the ROD was significantly reduced in the SIV,+AIDS group (43.5 T 14.0; p G 0.05) (Fig. 5A) .
To explore the influence of SIV burden and associated inflammation on the downregulation of COX1 in cholinergic neocortical projection neurons in AIDS, tissue sections of the BFC of monkeys that had been treated with the lipophilic 6-Cl-ddG (30Y32) were also immunostained; these animals had clinical AIDS (SIV,+AIDS,+ddG; Table 2 ). The effects of 6-Cl-ddG on SIV levels in brain and lymphoid tissues, plasma and CSF, and COX1/COX2-monitored mononuclear and endothelial inflammatory reactions are summarized in FIGURE 4. Changes in neuronal cyclooxygenase isotype 1 (COX1) immunoreactivity in the nucleus basalis of Meynert (nbM; AYD) and frontal cortex (fCx; EYH) of rhesus monkeys after simian immunodeficiency virus (SIV) infection and antiretroviral treatment with 6-chloro-2 ¶,3 ¶-dideoxyguanosine (6-Cl-ddG). (AYD) The intensity of COX1 immunostaining in neurons (arrows) of the nbM is reduced in a monkey with AIDS (SIV,+AIDS) (C) as compared with a noninfected control (Ctrl) (A) and an SIV-infected monkey without AIDS (SIV,YAIDS) (B); this was not reversed by 6-Cl-ddG treatment in AIDS (SIV,+AIDS,+ddG) (D). (EYH) The reduction of neuronal COX1 immunostaining (arrows) in the fCX of an AIDS-diseased monkey (G) is reversed by 6-Cl-ddG treatment (H) to levels observed in a Ctrl (E) or an SIV,jAIDS monkey (F). There are COX1-positive microglia (arrowheads) intermingled between the neurons that demonstrate the same immunostaining intensity during disease as the neurons; the staining background in these sections is similar. Scale bar = 50 Km. Tables 2 and 3 , respectively. Reduction of neuronal COX1 expression of nbM and hdbB in monkeys with AIDS was not reversed by 6-Cl-ddG (Fig. 4D) . The mean ROD of neuronal COX1 immunostaining in the SIV,+AIDS,+ddG group (47.4 T 12.1) was not different from that in the SIV,+AIDS group (p 9 0.05) but was still significantly reduced compared with controls (p G 0.05) (Fig. 5A) .
A similar pattern of neuronal COX1 downregulation after SIV infection progressing to AIDS, with or without antiretroviral treatment, was observed in neurons of the vdbB and ventrally contiguous medial septum, that is, BFC subnuclei whose cholinergic fibers project to the entorhinal-hippocampal cortex (9) . Statistical analysis between all monkey groups with respect to neuronal COX1 immunostaining in vdbB and medial septum could not be performed because of a limitation of available tissue blocks.
In contrast to the irreversible reduction in COX1 expression during progression to AIDS and subsequent antiretroviral treatment in BFC neurons, the mean ROD of COX1 immunostaining in neurons of the frontal cortex was reduced in SIV,+AIDS (59.9 T 13.2; p G 0.05) versus control (109.2 T 14.1) and SIV,jAIDS (99.7 T 16.5) (Figs. 4EYG , 5B), respectively, but was reversed in the SIV,+AIDS,+ddG group (102.6 T 15.1; p G 0.05) (Figs. 4H, 5 ).
Cholinergic Fiber Density Is Reduced in Target Areas of the BFC During SIV Infection and Is Not Restored in 6-Cl-ddGYTreated Monkeys
We next analyzed if a reduction of COX1 expression in cholinergic neurons of the BFC might be accompanied by alteration in cholinergic terminals in the target areas of these neurons. For this purpose, IHC for VAChT was performed on neocortical target areas of the nbM and hdbB (frontal and parietal cortex) and on allocortical target areas of the vdbB and medial septum (entorhinal-hippocampal cortex) (9, 10). There was a reduction of VAChT-positive varicose fibers and synapses within the nbM itself, without an apparent change in the appearance of the VAChT-positive somata in latestage disease (Figs. 6AYD) . The mean ROD of VAChT immunoreactivity of neuronal cell bodies in nbM/hdbB was not significantly altered among the different monkey groups (Fig. 7A) . By contrast, cholinergic fiber densities (presented as pixels) of the frontal and parietal cortices as well as of (Figs. 5EYL, 7BYD) .
It is crucial to note that the effects on COX1 and cholinergic fibers are as follows: in Ctrl monkeys, VAChTpositive terminal number and COX1 expression in BFC neurons are high. In SIV,+AIDS monkeys, VAChT-positive terminals and BFC COX1 expression are decreased. In SIV,+AIDS,+ddG monkeys, VAChT-positive terminals and neuronal COX1 expression in BFC remain decreased (as in the absence of treatment, i.e. 6-Cl-ddG treatment had no apparent effect); the only effect of 6-Cl-ddG was to decrease SIV burden and associated inflammation, as evidenced by a decrease in several markers of inflammation (30Y32).
DISCUSSION
Cyclooxygenase isotype 1 has been identified as a unique component of primate cholinergic telencephalic projection neurons, and its expression is a dynamic marker for cholinergic synaptic patency. This opens an avenue of inquiry into the potential mediator role of prostaglandins in cholinergic neurotransmission. Loss of VAChT-positive terminals in cortex and hippocampus during SIV infection is accompanied by a decreased COX1 expression in cholinergic BFC neurons. This decreased expression of COX1, as well as decreased number of cholinergic synapses of both cortical and hippocampal fields in SIV-infected rhesus brains, were not reversed in monkeys that had received antiretroviral therapy late in the course of SIV disease, although both viral load and inflammation were dramatically decreased by the treatment. Thus, COX1 in nbM and VAChT staining in cortical projection 
Immunohistochemistry for COX1 and COX2 was performed on sections of several brain regions (frontal and parietal cortex, hippocampus, and basal ganglia), analyzed, summarized, and scored.
*Diffuse mononuclear cell immunoreactivity was scored as follows: j (no staining), + (no signs of activation, more resting ramified type of microglia), ++ (increased number of microglia), +++ (increased activation, phagocytic type of cells). Focal mononuclear cell immunoreactivity was scored as: j (no appearance of infiltrates, nodules, or multinucleated giant cells), + (low) to +++ (severe encephalitis, high number of infiltrates, nodules, and multinucleated giant cells).
†Diffuse endothelial cell immunoreactivity was scored as follows: j (no staining) and + (global vascular staining). Focal endothelial staining was scored as: j (no vessel staining), + (few) to +++ (strong nodular vessel staining).
AIDS, acquired immunodeficiency syndrome; 6-Cl-ddG, 6-chloro-2 ¶,3 ¶-dideoxyguanosine; COX1/2, cyclooxygenase isotype 1/2; Ctrl, noninfected control animals; NA, not applicable; SIV, simian immunodeficiency virus; SIV,YAIDS, SIV-infected animals without AIDS; SIV,+AIDS, SIV-infected animals with AIDS; SIV,+AIDS,+ddG, SIV-infected animals with AIDS and antiretroviral treatment with 6-Cl-ddG.
areas are important biomarkers for brain changes occurring early in SIV disease and not reversed by late antiretroviral treatment.
Cyclooxygenase isotype 1 expression has been reported to be widespread, if not ubiquitous, in brain neurons and, as such, has not merited intense study as a specific marker for any single group of neurons as defined by neurotransmitter phenotype in the brain. Instead, COX2 expression, which is specific to several cortical neuronal systems and is induced in neurodegenerative conditions, has garnered significantly more attention in neuro-AIDS and Alzheimer disease (37Y39). In part, this may be because detailed anatomical studies have focused on nonprimate mammalian species such as rat and mouse (40) . The unique and quite selective expression of COX1 in monkey and human cholinergic telencephalic projection neurons suggests a functional (mediator) role for prostaglandins synthesized in these neurons. What added capabilities (and vulnerabilities) prostaglandin synthesis imparts to these neurons in the primate remains to be determined, but altered COX1 expression might be expected to influence cholinergic neurotransmission and, therefore, cognition.
The observed presence of COX1 expression in cholinergic neurons of the BFC is of potential neuropharmacological as well as neuropathological interest in neuro-AIDS. Cyclooxygenase isotype 1 and COX2 are differentially expressed in various cellular compartments of the brain during neuroinflammation, including in the course of SIV disease (32) . This has provided a rationale for prostaglandin-related pharmacotherapy for neuroinflammatory disease (41, 42) . The discovery of COX1 expression and function in a novel neuronal compartment has relevance for the type of COX inhibition and the stage of disease at which it should be applied in further consideration of this therapeutic approach. Identification of cholinergic neurons themselves as a source of prostaglandin synthesis is noteworthy because it has recently been suggested that prostaglandins may modulate the release and postsynaptic efficacy of acetylcholine in the brain and that acetylcholine itself in turn modulates the production and release of brain prostaglandins (43, 44) .
Although arachidonic acid is converted to prostaglandin H by either COX1 or COX2, and all other prostaglandins can be made from prostaglandin H, neurons might generate prostaglandin D2 rather than prostaglandin E (45). Indeed, prostaglandin D2 has been reported to be neuroprotective (46) . Thus, it is possible that the generation of prostaglandin D2 is an endogenous neuroprotectant that buffers cholinergic neurons against damage sustained by chronic inflammation of cortex and hippocampus. If that is the case, downregulation of COX1 expression in cholinergic neurons during chronic SIV infection of the brain would lead to enhanced vulnerability of projection neuron synapses in cortex and hippocampus as reported in neuro-AIDS (47) and as reflected in the decreased cholinergic synaptic density in hippocampal and cortical projection areas we report. Both HIV and SIV encephalitis are characterized by a global synaptodystrophy in cortical regions, manifested prominently in derangement in distribution or decreased expression of dendritic markers (6, 48, 49) . However, a striking feature of neuro-AIDS (47, 50) is that HIV/SIV encephalitis, as defined by the appearance of mononuclear nodules and multinucleated giant cells in the brain parenchyma, is not necessarily an indicator of a functional encephalopathy. In fact, multiple studies in SIV-infected rhesus macaques suggested that postsynaptic derangement correlated with macrophage infection and macrophage-associated inflammation, whereas presynaptic changes, poorly correlated with encephalitis, might be a better indicator of cumulative and, as shown here, potentially irreversible synaptic derangement (6, 47, 49) . Results of our present and previous studies (30Y32), and that of others (51Y53), confirm a progression in which SIV burden and associated appearance of microglial nodules and multinucleated giant cells are late and actually reversible with antiretroviral drugs. It is likely that neurochemical changes (and accompanying diffuse microglial activation) begin earlier and are not reversed by antiretroviral therapy administered after the onset of symptoms of AIDS. Early intervention with brain-permeable antiretroviral agents may sustain control of brain virus load, encephalitis, and progressive synaptic damage leading to hypofunction in cholinergic systems important for memory as well as dopaminergic systems important for motor function (54) .
In the current study, we carefully analyzed COX1 and VAChT by quantitative IHC in BFC and cortical/hippocampal fields during SIV disease and antiretroviral treatment. Cyclooxygenase isotype 1 in BFC neurons was irreversibly reduced similarly to VAChT in terminal fields (but not in cholinergic cell bodies) in late-stage SIV disease. In contrast, a decrease of COX1 in cortical neurons was reversible on antiretroviral treatment in AIDS. While we are aware of the technical limitations of our study, that the detailed quantitative immunochemical analysis on the cellular level is robust with respect to molecular specificity. Determining net changes of COX1 levels and/or of its product prostaglandin might be performed by biochemical analyses of rhesus monkey tissue, as previously done for prostaglandins in the CSF and COX1 mRNA in frontocortical white matter tissue homogenates of HIV-infected patients (55) . However, the interpretation of such data would be limited because of multicellular and multienzymatic sources of prostaglandins (and COX1) in the brain itself and because COX1 and COX2 are spatiotemporally differentially expressed during SIV disease and antiretroviral treatment, as reported in our current and previous (32) reports.
CONCLUSIONS
Whether cholinergic dysfunction is a causative factor in cognitive impairment in neuro-AIDS is a newly opened question that merits further investigation. It is noteworthy that in Alzheimer disease and SIV disease, cortical cholinergic markers are decreased whereas cell body cholinergic markers are less affected or unaffected. This suggests that both types of cognitive impairment may represent diseases of cholinergic synaptic dysfunction rather than cell loss. The connection between the cholinergic system, chronic lentiviral encephalitis, and regulation of a specifically cholinergic neuron-associated prostaglandin biosynthetic enzyme uncovered here in the context of neuro-AIDS is, therefore, intriguing in the context of neurodegenerative disease and primate cognitive function. Finally, a pathogenic mechanism of early and irreversible changes in this system in SIV disease supports the desirability of early intervention with brain-permeable antiretroviral therapeutics in human HIV disease.
